The small protein profilin not only helps to maintain a cytoplasmic pool of actin monomers ready to elongate actin filament barbed ends (2), but it also binds to type II poly-L-proline helices (3, 4). The actin (5) and poly-L-proline (6 -8) binding sites are on opposite sides of the profilin molecule, so profilin can link actin to proline-rich targets. Viability of fission yeast depends independently on profilin binding to both actin and poly-L-proline, although cells survive Ͼ10-fold reductions in affinity for either ligand (1).
The small protein profilin not only helps to maintain a cytoplasmic pool of actin monomers ready to elongate actin filament barbed ends (2) , but it also binds to type II poly-L-proline helices (3, 4) . The actin (5) and poly-L-proline (6 -8) binding sites are on opposite sides of the profilin molecule, so profilin can link actin to proline-rich targets. Viability of fission yeast depends independently on profilin binding to both actin and poly-L-proline, although cells survive Ͼ10-fold reductions in affinity for either ligand (1) .
Fission yeast Schizosaccharomyces pombe depend on formin Cdc12p (9, 10) and profilin (11) to assemble actin filaments for the cytokinetic contractile ring. Formins are multidomain proteins that nucleate and assemble unbranched actin filaments (12) . Formin FH2 domains form homodimers that can associate processively with the barbed ends of growing actin filaments (13, 14) . FH2 dimers slow the elongation of barbed ends (15) . Most formin proteins have an FH1 domain linked to the FH2 domain. Binding profilin-actin to multiple polyproline sites in an FH1 domain concentrates actin near the barbed end of an actin filament associated with a formin FH2 homodimer. Actin transfers very rapidly from the FH1 domains onto the filament end (16) allowing profilin to stimulate elongation of the filament (15, 17) .
We tested the ability of human (Homo sapiens, Hs) 7 profilin-I to complement the temperature-sensitive cdc3-124 mutation (11) in the single fission yeast profilin gene with the aim of using yeast to characterize human profilin mutations. The failure of expression of Hs profilin-I to complement the cdc3-124 mutation prompted us to compare human and fission yeast profilins more carefully. We report here a surprising incompatibility of Hs profilin-I with fission yeast formin Cdc12p, a crystal structure of fission yeast profilin, which allowed a detailed comparison with Hs profilin, and mutations that revealed how overexpression of Hs profilin-I compromises the viability of wild-type fission yeast.
EXPERIMENTAL PROCEDURES
Strains, Media, and Chemicals-Kathleen Gould of Vanderbilt University provided strains of S. pombe: KYG491, a haploid temperature-sensitive strain with a point mutation in the S. pombe profilin gene (cdc3-124 ade6-216 ura4-D18 leu1-32 h ϩ ) and KGY247, a matching wild-type haploid strain (cdc3ϩ ade6-216 ura4-D18 leu1-32 h ϩ ). We purchased Edinburgh minimal medium and malt extract media from Bio-101 (Carlsbad, CA), etheno-ATP from Invitrogen, Latrunculin B from Calbiochem (La Jolla, CA), poly-L-proline (M r 5,000), phloxin-B, thiamine, and nucleotides were from Sigma. We made the poly-L-proline affinity column (18) .
Human Profilin Expression in Wild-type and Profilin Temperature-sensitive Strains of S. pombe-We transformed wildtype and profilin temperature-sensitive cdc3-124 strains of S. pombe by electroporation with pREP plasmids carrying Hs profilin-I cDNAs under the control of thiamine-repressible nmt1 ϩ promoters. We grew transformed cells at 25 or 36°C on plates with selective media with 5 mM thiamine to suppress expression or without thiamine to allow expression. Cells were stained with Hoechst dye for fluorescence microscopy.
Protein Purification-We mutated residues of Hs profilin-I on a modified pMW plasmid (19) by PCR (1), verified the changes by sequencing and transformed Escherichia coli BL21(DE3) cells for expression and purification (1) . Following extraction profilin was bound to a 10-ml affinity chromatography column of poly-L-proline-Sepharose, washed with 3 M urea in Tris-KCl buffer (20 mM Tris-HCl, 150 mM KCl, 0.2 mM DTT, pH 8.0) and eluted with 50 ml of 7 M urea in the same buffer. After refolding profilin during dialysis against 1 mM EDTA, 1 mM DTT, 20 mM Tris-Cl, pH 8.0, gel filtration on a Superdex 75 column in 20 mM Tris-HCl, 150 mM KCl, and 0.2 mM DTT, pH 8.0, produced purified profilin. Peak fractions were pooled, dialyzed versus the same buffer in 5-7,000 M r cut-off tubing and flash frozen. Calcium-ATP actin was prepared from rabbit skeletal muscle (20) and purified by gel filtration on Sephacryl S-300 in G buffer (0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaCl 2 , 1 mM NaN 3 , and 2 mM Tris-Cl, pH 8.0). Polymerized actin was labeled on Cys 374 with pyrenyl iodoacetamide and monomers were purified by gel filtration (21) . Cdc12p FH1 peptides were synthesized by the Keck Center at Yale. We purified from E. coli (15) recombinant domains of fission yeast formin Cdc12p consisting of the FH1 domain (Cdc12p(FH1)) or both the FH1 and FH2 domains (Cdc12p(FH1FH2)).
Crystallization and Data Collection-We grew crystals of S. pombe profilin using the hanging drop vapor diffusion technique under two different conditions at 4°C. Approach A used 1 l of 20 mg/ml of S. pombe profilin mixed with 3 l of crystallization precipitant solution A (1.3 M sodium malonate, pH 7.0, 0.2 M HEPES, pH 7.0, and 0.5% Jeffamine ED2001 (O,OЈ-bis-(2-aminopropyl)polyethylene glycol 1900) from Hampton Research (Aliso Viejo, CA). Crystals grew in 5-12 days. Crystals were soaked for 1 min in a cryoprotectant of solution A with 30% glycerol and frozen in liquid nitrogen. Approach B used 1 l of 13.4 mg/ml S. pombe profilin with 3 mM IP 3 mixed with 1 l of 4 M sodium formate, pH 8.8. Crystals were soaked for 15 s in a cryoprotectant of 4 M sodium formate and 30% glycerol and frozen in liquid nitrogen.
Structure Solution and Refinement-We collected diffraction data (Table 1 ) from approach A crystals with a diffractometer at the Yale Center for Structural Biology, using a rotating anode x-ray generator at a wavelength of 1.54 Å and 0.1°oscillations.
Data were processed and scaled with HKL2000 (22) and yielded a 96.7% complete data set extending to 2.2 Å ( Table 1) . The program MolRep in the CCP4 suite (23) was used for the molecular replacement using Acanthamoeba castellanii profilin-II as the initial model (Protein Data Bank 2ACG). The unit cell contained two monomers. A single round of rigid body refinement was performed in REFMAC (24) followed numerous rounds of positional and isotropic B-factor refinement using REFMAC and manual modeling using COOT (25) . This resulted in an R work ϳ 27.8% (R free ϭ 34.1%). Group B factors were refined with TLS (26) . The TLS domains were defined using the TLSMD web server for the generation of multi-group TLS models (27) . This reduced R work to 24.5% and R free to ϳ29.4%. ARP/wARP software program in the CCP4 suite (23) identified waters. Subroutines in COOT were used to identify and correct structural problems. A second data set extending to 1.65 Å was collected at beam line X29A of the National Synchrotron Light Source (NSLS) at the National Brookhaven Laboratory using 0.1 oscillations and wavelength of 1.08. These data were used during final rounds of model building and refinement. The final model includes 220 solvent molecules and has an R work of 17.5% and R free of 20.6%. Ramachandran plots indicated that 99% of residues were either in the allowed, favorably allowed, or generously allowed regions ( Table 1 ). The structure validation tool PROCHECK (28) evaluated the geometric quality of the model. We collected data from approach B crystals at Yale and used initial phases from the approach A structure to begin refinement. The final model contained 144 solvent molecules and had an R work of 17.6% and R free of 26.0%. Group B factors were refined with the TLS domains defined using the TLSMD web server (27) . Significant drops in R work and R free occurred with TLS refinement. Protein structures were illustrated using the program PYMOL (29) and structural alignments were done with the O program (30) .
We made a homology model (see supplemental materials) of the complex of S. pombe profilin (PDB 3D9Y) with actin using the structure of bovine profilin-␤-actin (PDB 1HLU) as the model. We subjected the initial model to multiple rounds of restrained refinement and structure idealization with standard geometric constraints of bond lengths and angles using the program REFMAC5 in the CCP4 suite. Residues from both chains were refined simultaneously taking into account optimal geometrical orientations of main chain and side chain atoms. We removed steric clashes during structure idealization. Supplemental materials include a PDB file of the homology model.
Biochemical Characterization-Lu and Pollard (1) described the use of intrinsic tryptophan fluorescence to evaluate the stability of profilin in 1 mM EDTA, 1 mM DTT, 20 mM Tris-Cl, pH 8.0, at 22°C and a range of urea concentrations, and also to quantitate binding of profilin to poly-L-proline and the FH1 domain of Cdc12p. The dissociation equilibrium constant (K d ) was calculated using Kaleidagraph software to fit Equation 1 to the data. trations of proline and profilin, respectively. Lu and Pollard (1) also described the fluorescence assay to measure dissociation of nucleotide from magnesium-etheno-ATP actin with 0 to 100 M profilin and spontaneous polymerization of magnesium-ATP-actin monomers (5% pyrene-labeled) in KMEI buffer (10 mM imidazole, 50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, pH 7.0). Kovar et al. (15) described the use of pyrenyl-actin fluorescence to measure the elongation of actin filaments in the presence of a recombinant S. pombe formin Cdc12p(FH1FH2). We used an MCS ITC isothermal titration calorimeter (MicroCal Inc., Northampton, MA) to measure heat changes by interactions of wild-type and mutant profilins with actin monomers at 26°C. Profilin was concentrated using a Centriprep YM3 concentrator (Millipore Corp., Bedford, MA). Stocks of 20 mM Latrunculin B in ethanol and 10ϫ KMEI were added to both ϳ25 M calcium-actin monomers and ϳ500 M profilin in buffer G to give concentrations of 50 M Latrunculin B and 1ϫ KMEI. A 2.0-ml sample of 25 M actin was in the sample cell and 2.0 ml of buffer was in the reference cell of the ITC unit. With constant mixing by rotation of the injection syringe at 400 rpm, the heat of binding was measured for each addition of 5 or 10 l of profilin until the actin was saturated with profilin. The small, constant heat of mixing produced at each titration after saturation was subtracted from each of the titration heats and the data were analyzed using MicroCal Origin software to give the stoichiometry (N), the dissociation equilibrium constant (K d ), and the enthalpy (⌬H) for the binding reactions.
RESULTS

Human Profilin-I Does Not Complement the Fission Yeast
Profilin cdc3-124 Temperature-sensitive Mutation-We attempted to complement the cytokinesis defect of the temperature-sensitive E42K mutation cdc3-124 of S. pombe profilin by expressing Hs profilin-I from a plasmid under the control of thiamine-repressed, weak Rep81 nmt1 promoter. In the absence of thiamine, this promoter produces profilin concentrations similar to those of the native promoter (1). However, no nmt promoter or thiamine concentration tested allowed the cdc3-124 strain to grow at 36°C. High level expression of Hs profilin-I from the medium strength Rep3X nmt promoter not only failed to complement the cdc3-124 mutation, but also killed wild-type fission yeast expressing endogenous levels of wild-type S. pombe profilin (Fig. 1 ). Liquid cultures of cells overexpressing wild-type Hs profilin-I accumulated a proportion of cells with mis-formed septa that eventually lysed starting after 1 day.
The failure of Hs profilin-I to complement the temperaturesensitive mutation and the ability of Hs profilin overexpression to kill wild-type cells were surprising, for many reasons. First, expression of Hs profilin complements deletion of the single profilin gene in Saccharomyces cerevisiae (31) . Second, expression of fission yeast profilins from this plasmid complements the cdc3-124 mutation, even expression of the E42K mutant profilin itself or profilin mutants with Ͼ90% loss of actin or poly-L-proline binding activity (1) . Third, expression of Arabidopsis profilin complements the S. pombe cdc3-124 mutation (32) despite the fact that it lacks nucleotide exchange activity toward actin (33) and thus is less similar to fission yeast profilin (1) than Hs profilin-I (34). Fourth, fission yeast tolerate high level expression of S. pombe profilin from the strong Rep3 promoter (1) .
Elongation of Actin Filaments with S. pombe Formin Cdc12p-Given these facts and knowledge that fission yeast depend on both profilin and formin Cdc12p to assemble actin filaments for the cytokinetic contractile ring (9 -11), we tested the ability of Hs profilin to stimulate the elongation of actin filament barbed ends associated with S. pombe formin Cdc12p. The FH2 domain of this formin strongly inhibits elongation of actin filament barbed ends, but S. pombe profilin stimulates elongation of Cdc12p constructs having both a profilin-binding FH1 domain and an FH2 domain (15) . Remarkably, Hs profilin does not stimulate elongation of barbed ends associated with Cdc12p(FH1FH2) (Fig. 2) , despite interacting with both actin monomers and poly-L-proline, the two fundamental ligands thought to be required for this reaction (15, 16) . This failure of actin filament elongation likely explains the cytokinesis defects in fission yeast cells dependent on Hs profilin-I. Hs profilin inhibits polymerization in the presence of Cdc12p(FH1FH2) by binding actin monomers and preventing their incorporation at pointed ends and by inhibiting spontaneous nucleation, which contributes a small fraction of the bulk polymerization rates in these experiments.
Crystal Structure of S. pombe Profilin-Seeking an explanation for these unexpected results, we determined two different crystal structures of S. pombe profilin (Table 1) . One is a 1.65-Å resolution structure (PDB 3D9Y) from crystals formed in 1.3 M sodium malonate, pH 7.0, 0.2 M HEPES, pH 7.0, 0.5% Jeffamine ED2001 (O,OЈ-bis(2-aminopropyl)polyethylene glycol 1900). The other is a 2.2-Å resolution structure (PDB 3DAV) from crystals grown in 4 M sodium formate in the presence of IP 3 . No density for IP 3 appeared in the electron density map and the two structures are identical. The asymmetric units in both structures contained a dimer of profilin. The dimeric interfaces were different with a contact surface of 310 Å 2 for the A structure and 470 Å 2 for the B structure. On gel filtration 230 M S. pombe profilin eluted with a Stokes radius of 12.0 Å, similar to the radius of gyration of 13.1 Å calculated from the structure of the monomer using VMD. Thus it is unlikely that the dimer is physiologically relevant.
Despite low sequence identity (Fig. 3B ) the fold of S. pombe profilin (Fig. 3A) is remarkably similar to profilins from S. cerevisiae (35) , mammals (5), and Acanthamoeba (36) . All of these profilins consist of an anti-parallel ␤-sheet of six strands flanked by ␣-helices. The r.m.s. deviation between 125 C␣ atoms of S. pombe and S. cerevisiae profilins is only 1.23 Å, although only 49% of the residues are identical. Residues Gln 4 -Thr 12 of S. cerevisiae profilin form a continuous ␣-helix, whereas an extra residue (Thr 8 ) in S. pombe and Acanthamoeba profilins results in residues Gln 4 -Ser 9 forming an ␣-helix followed by residues Leu 10 to Gly 13 in a 3 10 -helix (Fig. 3) . A second small difference in architecture is that the loop connecting strand ␤2 and helix ␣2 extends further from the core of the protein in S. pombe profilin than S. cerevisiae profilin. The r.m.s. deviation between corresponding C␣ atoms of S. pombe profilin and Hs profilin-I is 2.12 Å despite only 33% sequence identity. Human profilins have two small and two large inserts com-pared with the fungal profilins (Figs. 3B and 4) . The large insertions extend strands ␤4, ␤5 and ␤6, forming "wings" that flank each side of the actin-binding interface (Fig. 4B) .
Analysis of Actin Binding Sites-We used a refined homology model (Fig. 4) based on the crystal structure of bovine profilin-␤-actin (PDB 1HLU) to examine mutations of S. pombe profilin that severely compromise actin binding and fail to complement the temperature-sensitive E42K mutation (cdc3-124) or a deletion mutation of the profilin gene (1). Table 2 lists the structural consequences of the mutations having less than 5% wild-type affinity for actin. Steric clashes, loss of intermolecular bonds, or electrostatic repulsion account for most cases of compromised affinity, although the strong effect of the P107Y mutation is not obvious.
Since the divergence of fungi and animals from their common ancestor over 800 million years ago, the actin side and the profilin side of the actin-profilin interface diverged at radically different rates. Today the sequences of S. pombe actin and human ␤-actin are 89% identical and 95% similar. Every residue of bovine ␤-actin that contacts profilin in the 1HLU crystal structure is identical to the corresponding residue of S. pombe actin. On the profilin side of the interface, only 25% of the res- idues of bovine profilin that contact actin in the 1HLU structure are identical to the corresponding residues of S. pombe profilin (Fig. 3B) . Remarkably, despite extensive differences (Table  3) , fission yeast and bovine profilins have the same affinity for rabbit muscle actin (K d ϭ 0.1-0.2 M) in fluorescence quenching and nucleotide exchange assays (1, 37, 38 Residues in the interface with actin that differ between human and S. pombe profilins appear to provide Hs profilin with more interactions with actin than S. pombe profilin (Table  3) , so other interactions must compensate. We note three examples of possible compensation. (i) S. pombe profilin lacks the salt bridges formed by Glu 82 and Lys 90 in the wings of Hs profilin that extend around the barbed end of actin, but Lys 84 on the shorter ␤5/␤6 loop compensates by forming a salt bridge with actin Glu 167 , which is not available to the homologous residue Thr 97 of Hs profilin. The residue corresponding to S. pombe profilin Lys 84 is alanine in S. cerevisiae profilin, and the absence of this salt bridge may contribute to the lower affinity (K d ϭ 2.9 M) of S. cerevisiae profilin for muscle actin (35) .
(ii) Two extra residues make helix ␣2 of S. pombe and S. cerevisiae profilins a half-turn longer than human profilins and move helix ␣3 so that it interacts differently with actin (Fig. 4A) 
Comparison of Poly-L-proline Binding Sites-S. pombe profilin binds poly-L-proline with a 5-fold higher affinity (K d ϭ 55 M proline residues; (1)) than Hs profilin (K d ϭ 200 -300 M proline residues) (39) . Similarly S. pombe profilin had a higher affinity for Cdc12p(FH1) (K d ϭ 2.6 M) than Hs profilin-I (K d ϭ 7.9 M) (Fig. 2C) . Most of the 11 residues constituting the poly-L-proline binding site of S. pombe profilin are identical in other profilins (Fig. 3) . Conserved aromatic side chains of We attempted to determine the structure of S. pombe profilin with bound proline-rich peptides from the FH1 domain of S. pombe formin Cdc12p, an important ligand for profilin in these cells. We tested two peptides: Cdc12p-(905-915) (PTPP-PPPPLPVK) and Cdc12p-(942-956) (PAFPPPPPPPPPLVS). No density for Cdc12p-(905-915) appeared in maps from crystals soaked in 6 mM peptide for 45 h. We also co-crystallized profilin with 5 mM Cdc12p-(942-956) by approach A but did not observe any peptide density.
Comparison of Polyphosphoinositide Binding Sites-Experiments on mammalian profilins implicated two sites in interactions with phosphatidylinositol 4,5-bisphosphate (Fig. 3B) . One site is near the polyproline binding site and the other partially overlaps the actin binding site (40) . Of these 11 candidate residues, 7 differ between human and fission yeast profilins, giving the yeast profilin a net positive charge at these sites of ϩ8.5 compared with ϩ3 for Hs profilin-I. No information is available on the affinity of S. pombe profilin for phosphatidylinositol 4,5-bisphosphate, but this difference encouraged us to co-crystallize S. pombe profilin with IP 3 . Co-crystallization of S. pombe profilin with IP 3 by approach B produced crystals that diffracted to 2.2 Å but the maps showed no electron density for IP 3 .
Characterization of Human Profilin-I Mutants with Loss of Ligand Binding
Activities-To learn which interactions contribute to the ability of Hs profilin-I to kill fission yeast, we designed point mutations to compromise interactions with actin or poly-L-proline or catalyze nucleotide exchange. To disrupt poly-L-proline binding, we focused on Hs profilin residue Tyr 6 , because mutations of the homologous Tyr 5 of fission yeast profilin can lower the affinity for poly-L-proline 100-fold (1). To interfere with actin binding we mutated Arg 88 , because mutation of Lys 81 at this position in fission yeast profilin to glutamic acid reduced the affinity for actin nearly 100-fold (1). We compared these new mutant profilins with two mutant profilins used in previous studies, H119E profilin, a mutation in the actin binding site (41) ; and H133S profilin, a mutation in the poly-L-proline binding site (42) . The biochemical properties of our new mutant profilins have not been published, although we used them to characterize profilin interactions (15) .
We purified human profilins from E. coli, tested their stability, and measured their affinities for actin and poly-L-proline (Table 4) . We used intrinsic tryptophan fluorescence to measure denaturation of profilin over a range of urea concentrations. The midpoint in the transition between the native and denatured states occurred at 3.7 M urea for wild-type Hs profilin-I. The least stable mutant, Y6D profilin, denatured with a midpoint at 2.6 M urea. The denaturation midpoints of all other mutant profilins were 2.9 M urea or higher. We did not test Hs profilin-I R88E, but note that it binds poly-L-proline with the same affinity as wild-type profilin, evidence that it folds correctly.
We used the increase of intrinsic tryptophan fluorescence emission (38, 43) to measure binding of poly-L-proline to profilins (supplemental Fig. S1 ). The affinity of Y6D profilin for poly-L-proline was 1200-fold lower than wild-type profilin and 28 times lower than H133S profilin (Table 4) , the mutant profilin used most often in biological experiments (for example, see Ref. 44 ). The affinities of other mutant profilins for poly-L-proline were not significantly different from wild-type profilin (Table 4) .
Isothermal titration calorimetry (Fig. S2 ) in a low salt buffer or 50 mM KCl, 1 mM MgCl 2 with Latrunculin B to inhibit polymerization showed that the H119E mutation (41) reduced affinity for actin about 25-fold. We detected no heat change when titrating R88E profilin into actin either in buffer G or in KCl with Latrunculin B, so it did not bind at concentrations up to 175 M. Inhibition of spontaneous polymerization requires 8 -20 times more H119E profilin than wild-type profilin, but R88E profilin did not inhibit polymerization at concentrations as high as 100 M (supplemental Fig. S3 ).
We measured the time course of dissociation of etheno-ATP from monomeric actin in excess unlabeled ATP as a second assay of the affinity of profilin for actin and to measure the maximal enhancement of nucleotide exchange (supplemental Fig. S4 ). The dependence of k obs on profilin concentration gave K d values of 0.34 M for H119E profilin-I. Saturating H119E profilin-I dissociated etheno-ATP at less than half the rate of wild-type profilin (supplemental Fig. S4 ). Concentrations of R88E profilin up to 100 M had no effect on nucleotide exchange, indicating that the K d is Ͼ100 M. We attempted to modify the nucleotide exchange activity of Hs profilin with substitutions for Asp 86 (data not shown). The D86R substitution reduced the affinity for actin and the maximum nucleotide exchange rate 4 -5-fold, whereas the D86N substitution increased both the affinity for actin and the maximum rate of nucleotide exchange 2-3-fold. Profilins D86A, D86L, and D86Y were similar to wild-type Hs profilin-I.
Characterization of the Human Profilin Overexpression Phenotype in Fission Yeast-The ability of Hs profilin-I overexpression to compromise the viability of wild-type fission yeast allowed us to test which interactions of profilin are important for this dominant phenotype (Figs. 1 and supplemental S5) . Overexpression of wild-type Hs profilin-I for 1 day produced many cells with abnormal septa, and lysed cells accumulated after 20 h. Overexpression of mutant Y6D (that binds actin but not poly-L-proline) also killed fission yeast, but lysis did not begin until about 30 h and fewer cells had abnormal septa than cells overexpressing wildtype Hs profilin-I. Overexpression of human profilins with substitutions for Asp 86 also killed wild-type cells (supplemental Fig. S5 ). On the other hand, fission yeast overexpressing Hs profilin-I mutants R88E (with no detectable affinity for actin) or H119E (with affinity for actin reduced 10-fold) were viable, although the cultures had a few more cells with multiple or abnormal septa than control cultures.
DISCUSSION
Divergence of the Profilin Side of the Profilin-Actin Interface-
Since the divergence of fungi and animals more than 800 mil- lion years ago, evolution has shaped the two sides of the actinprofilin interface differently. Every residue on the actin side of this interface is identical in humans and fission yeast, so strong selective pressures on actin must have maintained the ancestral structure on both phylogenetic branches since that time. These pressures may include interactions with other proteins, because genome-wide analysis indicates that the surfaces of proteins with multiple protein interactions evolve more slowly than proteins with few interactions (45) . The profilin binding site on actin may be an extreme case, because the groove between subdomains 1 and 3 forms overlapping binding sites for profilin and several other proteins (46) . We do not know the structure of the ancestral profilin, but amino acid substitutions on the conserved profilin backbone framework created surfaces on human and S. pombe profilin that bind actin with the same affinity despite the fact that only 7 of the 24 homologous residues are identical (Fig. 2B) . Of the differences only two are conservative substitutions. This divergence in the actin binding sites may have functional consequences, such as fine tuning isoform-specific interactions of profilins with formins. 
TABLE 3
Contacts between homologous residues of human and S. pombe profilins and actin in the bovine profilin-␤-actin complex (PDB code 2BTF) and S. pombe profilin-actin homology model sites on vertebrate muscle actin and S. pombe actin are identical, but we recognize that further experiments with fission yeast actin might reveal additional biochemical differences. Because cytokinesis in fission yeast requires Cdc12p (9) and profilin (11), the failure of Hs profilin-I to substitute for S. pombe profilin is likely due to the strong dependence of Cdc12p on profilin for actin polymerization (15) . We do not yet understand why Hs profilin fails to support actin filament elongation by Cdc12p, but three differences between these profilins might contribute.
One is the lower affinity of Hs profilin for the FH1 domain of Cdc12p. This binding reaction is rate-limiting for elongation of actin filaments by formins such as Cdc12p that strongly inhibit actin filament elongation in the absence of profilin (16, 47) . The second difference is the presence of wider wings on Hs profilin formed by 10 extra residues not present is fission yeast profilin (Fig. 4) . These wings may interfere with actin filament elongation by Cdc12p. A third difference is that the region of profilin proposed to bind polyphosphoinositides is more strongly positive in fission yeast profilin than Hs profilin-I. Further biochemical experiments will be required to learn which of these or other differences explain the lack of function of Hs profilin in fission yeast and the incompatibility between Hs profilin and S. pombe formin Cdc12p. 9 Our observations emphasize that formin Cdc12p is the key polyproline ligand for profilin in fission yeast (9) . In contrast, Hs profilin-I can complement deletion of the single profilin gene in S. cerevisiae (31) . A possible explanation is that the budding yeast formin Bni1p does not inhibit barbed end elongation as strongly as Cdc12p, so neither this formin nor cytokinesis in budding yeast is as dependent on profilin as S. pombe and Cdc12p.
Why Is Overexpression of Hs Profilin-I Lethal to S. pombe?-Human profilins that bind actin with wild-type affinity kill S. pombe regardless of their ability to bind poly-L-proline. Human profilins with affinity for actin reduced by 10-fold by the H119E mutation or Ͼ100-fold by the R88E mutation do not have this dominant overexpression phenotype. We cannot evaluate the impact of nucleotide exchange on this phenotype, because two mutants with low nucleotide exchange activity, H119E and D86R, also have lower affinity for actin.
Partial occupancy of the cellular actin monomer pool by Hs profilin will slow or stop assembly of actin filaments for the contractile ring in direct proportion to the depletion of the pool of monomeric actin bound to S. pombe profilin. Depletion of actin competent to polymerize filaments for the contractile ring can explain the observed defects in cytokinesis and septation.
